Introduction
Molecular hydrogen continues to be of relevance as it is the simplest neutral system yielding the most accurate results from molecular quantum theory. This benchmark molecule offers a natural setting for the confrontation of the most advanced first-principles theoretical calculations with accurate experimental investigations. Stable isotopologues of molecular hydrogen, H 2 , HD, and D 2 are treated in analogous calculations, except for the additional g/u symmetry breaking in HD [1] . For example, sustained efforts throughout the decades, in both the theoretical and experimental realm, have led to remarkable improvements in the determination of the dissociation energy D 0 of the molecular hydrogen isotopologues H 2 [2] , HD [3] , and D 2 [4] . At the present level of accuracy, subtle QED effects in molecular level energies need to be accounted for in calculations to obtain agreement with the measurements. Such calculations have now been performed by Pachucki and coworkers for the X 1 Σ + g electronic ground state of all three isotopomers yielding 10 −3 cm −1 uncertainties in the binding energies for bound rovibrational quantum states [5, 6] . However, for excited states as the B 1 Σ + u and the EF 1 Σ + g such accurate calculations have not been performed yet. While H 2 and HD are of great interest in astronomical and cosmological investigations, see e.g. [7] , D 2 has not been observed in space beyond the solar system. Since deuterium and tritium will be the main fuel for experimental fusion reactors, their spectra are important diagnostic tools to study the various molecular hydrogen isotopologues produced in the nuclear reactions. These D 2 and T 2 fuels will be heated to extremely high temperatures, so that it is important to characterize the plasma dynamics, for which the excitation cross-sections induced either by photons or electrons are of relevance [8] .
The present work focuses on the determination of accurate level energies for the B 1 Σ + u and the EF 1 Σ + g states in the D 2 isotopologue. It builds on the long tradition of studies of the Lyman bands, associated with the
includes the strongest transitions in the molecule. Early, classical spectroscopic studies of the Lyman bands of D 2 were performed by Herzberg and coworkers [9, 10] , later followed by XUV-laser spectroscopic studies at increasing resolution and precision [11, 12] , albeit only for a relatively small subset of bands in the Lyman system. More comprehensive studies, delivering spectroscopic information on a large set of rovibrational levels, involved electron scattering induced emission studies [13] (with a full database provided [14] ), laser probing of highly excited rovibrational levels in a plasma [15] , and a VUV Fourier-transform absorption study [16] .
The EF 1 Σ + g state, which is long-lived, since one-photon decay to the ground state is dipole forbidden, has been subject of many investigations over the years. Freund et al. [17] compiled a comprehensive data set of D 2 level energies from the studies performed by Dieke over many decades. Yu and Dressler have assembled the information, derived from classical spectroscopy, on the D 2 EF 1 Σ + g state in a comparison to an ab initio model [18] . Two-photon laser excitation of the EF 1 Σ + g double-well state was vigorously pursued leading to increased precision of level energies [19, 20, 21] . The most recent studies targeted excitation from the X 1 Σ + g , v = 1 level for a sensitive test of QED calculations in the D 2 ground electronic state [22, 23] . The analogous 2+1 resonance-enhanced multi-photon ionization study by Heck et al. was performed at much lower resolution and accuracy but provided information on a larger manifold of rovibrationally excited states [24] .
In the present investigation, accurate level energies of the B 1 Σ + u and EF 1 Σ + g electronic states for D 2 are derived from new high-resolution Fouriertransform (FT) spectroscopic data. These level energies are anchored with respect to the ground state X 1 Σ + g using accurate EF −X transitions from previous UV spectroscopy investigations [21, 22, 23] . The FT spectroscopy setup has been discussed in detail in Ref. [25] , while the anchoring method for the derivation of accurate level energies in the EF 1 Σ + g and B 1 Σ + u electronically excited states has been discussed in previous studies focusing on H 2 [26, 27] . Here, the calibration procedures on the FT-spectra have been improved mainly by referencing against updated wavelength standards [28, 29, 30 ].
This work results in level energies for a large set of quantum levels for the Fig. 1 ). The relative energies are brought onto an absolute energy scale by anchoring them to the X 1 Σ + g electronic ground state by results from two-photon UV laser spectroscopy on the [21] . The general features of this measurement scheme include Doppler-free two-photon ionisation and use of a narrowband pulsed titanium-sapphire laser with pulse frequency chirp measurement and correction [31] , as well as absolute frequency calibration against a frequency comb laser. These two-photon UV laser experiments yield highly accurate level energies for two anchor levels used in the present D 2 study [21] : the + g ground state [22, 23] , thus verifying the values for the anchor levels.
In the FT emission investigation, an extremely broad wavelength range is covered, from 450 nm in the visible to 5 µm in the infrared. The entire spectral data set includes a multitude of transitions belonging to mutually overlapping band systems. The experimental details have been described previously [25, 27] and only the general features are recalled here. A low-pressure microwave discharge (f ∼ 2450 MHz) was established in a quartz tube (diameter: 1 cm, length: 25 cm) where molecular deuterium flows through at moderate speed. The microwave power (about 70 W) and the gas pressure (about 5 mbar) were controlled in order to optimize the optical emission intensity of the molecular species (relative to the atomic emissions), as well as to maintain stability of the fluorescence. The discharge emission was focused onto the entrance iris of a Bruker IFS 120 FT spectrometer. The emission spectrum was recorded from 1 800 to 22 000 cm −1 , with the data collection subdivided into smaller spectral range recordings using appropriate coloured or optical interference filters and detectors. Sample FT spectra are displayed in Fig. 2 [33] that can be as much as 0.01 cm −1 , specifically in the range from 17 000 to 21 000 cm −1 . For the Ar I calibrations using [29] , the wavelengths must be corrected by a known factor as discussed by Sansonetti [34] . A recent compilation by Saloman [30] for (neutral and ionic) Ar includes the most recent determinations.
The line assignment and rotational analyis of the FT spectra was performed with the aid of Ref. [17] that was based on Dieke's work. The analysis was verified through the combination differences of the transition energies from different vibrational bands for each level. 
EF(10) -B (8) P (3) EF(6) -B (6) P (1) EF(6) -B (6) P (2) EF(6) -B (6) P (3) EF(6) -B(2) R (7) EF(9) -B (3) P (3) EF (18) gies from the VUV study of Hannemann et al. [21] . Since several transitions from different vibrational bands were used in the derivation of each level energy, the accuracy depends on the number of transitions, as well as the signal-to-noise ratio, connected to that particular level. is used. The N = 0 − 2 rotational levels of EF, v = 0 listed in Table 1 are derived from the results of Ref. [21] and ground state level energies of Komasa et al. [6] , although the EF, v = 0, N = 2 value was not used as an anchor level energy. Note that the vibrational levels below the double-well barrier are labeled as belonging either to the inner E or outer F wells, in addition to the generalized EF state vibrational quantum numbers. The energies for levels involved in transitions with good signal-to-noise ratio are most accurate, e.g. vibrational bands belonging to the inner well labeled E0, E1, E2 and E3 with uncertainties as low as 0.000 5 cm −1 with the least accurate at 0.005 cm −1 . The transitions belonging to levels within the outer F -well and the higher-lying vibrational bands are in general weaker and have larger uncertainties, mostly in the 0.001 − 0.006 cm −1 range. [21] and Ref. [6] Continued on the next page 
Ref. [35] shows very good agreement. Similarly, a comparison with the H 2 results of Dickenson et al. [36] , detecting transitions up to the EF (v = 10) level shows very good agreement that is limited by the experimental accuracy of the latter study. The favorable comparisons for the case of H 2 give confidence in the uncertainty estimated for the present D 2 case. A comparison of the present level energies with the comprehensive data set from Yu and Dressler [18] was carried out for EF, v > 0, with a graphical representation of the differences shown in Fig. 3 . For D 2 , the compilation of Yu and Dressler [18] was based on the experimental results compiled by Freund et al. [17] and those of Senn et al. [37] . Yu and Dressler had already applied a correction of -0.14 cm −1 to the term values in consideration of their the ab initio investigations. In Fig. 3 , the present level energies E FT are systematically higher by ∼ 0.03 cm −1 with respect to those of Ref. [18] . The standard deviation of 0.03 cm −1 for the difference ∆E Yu is consistent with the estimated statistical uncertainty of the experimental data used, i.e. 0.05 cm −1 in Ref. [17] and ∼ 0.02 cm −1 in Ref. [37] . Heck et al. [24] specified for the ab initio values, the comparison in Fig. 4(b) suggests that the calculations are accurate within 1 cm −1 in the energy range accessed. Table 2 are accurate to 0.001 cm −1 while the least accurate have uncertainties better than 0.01 cm −1 . The recent work of de Lange et al. [16] presents an accurate and comprehensive data set for
XUV FT spectroscopy using a synchrotron source. The database in Ref. [16] included all bound level energies in the B 1 Σ + u potential well, covering vibrational quantum numbers v = 0 − 51 with rotational quantum numbers N = 0 − 5. An extensive comparison was carried out by de Lange et al. with the previous results by Hinnen et al. [11] , which showed that the values of the levels between the present dataset and those from Ref. [16] . The solid line indicates the average while the dashed lines indicate the ±1σ standard deviations of ∆E DeLange . [16] reveals that the values of the latter are 0.02 cm −1 lower than the present data set (see Fig. 5 ). This offset is still within the estimated uncertainties of 0.03 cm −1 by de Lange et al. [16] , nevertheless, the systematic trend is notable. We attribute this to systematic effects in the absolute energy calibration of the synchrotron XUV FT data which relies on laser data for correction. In the case of Ref. [16] , the XUV laser results from Roudjane et al. [12] for the D 2 B 1 Σ + u , v = 9 − 11 bands were utilized. In applying these corrections for the XUV FT, it is seen that systematic deviations increase the farther a certain transition is from the calibration line, and is probably limited by the FT relative energy calibration. In order to extract the most accurate results from the synchrotron XUV FT data, as is pursued for example in Ref. [38] , a regular coverage of calibration lines throughout the full spectrum is then required. Table 3 are only for the X 1 Σ + g (v = 0, N ) levels, transition energies connecting vibrationally-excited ground state levels can equally well be derived, e.g. using the values of Komasa et al. [6] .
Lyman band wavelengths
Gabriel et al. [15] levels obtained here will be useful calibration lines in XUV FT spectra, e.g. Ref. [16] . The accurate EF 1 Σ + g level energies will be important in future molecular tests of QED in D 2 vibrationally-and rotationally-excited quantum levels as in Ref. [35] . 
